A state-space model and control of a full-range PMSG wind turbine for real-time simulations by Tobías-González, Agustín et al.
Tobías-González, Agustín and Peña-Gallardo, Rafael and Morales-
Saldaña, Jorge and Medina-Ríos, Aurelio and Anaya-Lara, Olimpo (2018) 
A state-space model and control of a full-range PMSG wind turbine for 
real-time simulations. Electrical Engineering. pp. 1-15. ISSN 0948-7921 , 
http://dx.doi.org/10.1007/s00202-018-0691-y
This version is available at https://strathprints.strath.ac.uk/63961/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 
Any correspondence concerning this service should be sent to the Strathprints administrator: 
strathprints@strath.ac.uk
The Strathprints institutional repository (https://strathprints.strath.ac.uk) is a digital archive of University of Strathclyde research 
outputs. It has been developed to disseminate open access research outputs, expose data about those outputs, and enable the 
management and persistent access to Strathclyde's intellectual output.
Noname manuscript No.
(will be inserted by the editor)
A State-Space Model and Control of a Full-Range PMSGWind Turbine
for Real-Time Simulations
Agustı´n Tobı´as-Gonza´lez1 · Rafael Pen˜a-Gallardo1 · Jorge Morales-Saldan˜a1 ·
Aurelio Medina-Rı´os2 · Olimpo Anaya-Lara3
Received: 10/11/2017 / Accepted:
Abstract Direct drive permanent magnet synchronous ge-
nerators (PMSG) have drawn great interest to wind turbine
manufacturers, due to the advance of power electronic tech-
nology, improved designs and fabrication procedures of these
types of generators. In this research, a state-space model of a
PMSG wind turbine was developed, and used for the obtain-
ment of a control strategy in a easier way for a test system in
the dq reference frame. Then, a complete model of a PMSG
wind turbine connected to an electric grid through a full-
scale Back-to-Back (BTB) converter with its controls was
implemented, using the detailed models included in a Real-
Time Digital Simulator (RTDS). Simulation results show
that the controllers perform efficiently during transient and
steady state conditions, and that the presented model can be
used for the development of control strategies prior to their
implementation in a professional software.
Keywords Control Strategies · Modeling and Simulation ·
Real Time · Synchronous Generator · Variable Speed Wind
Turbine.
1 Introduction
Wind power is today’s most rapidly growing renewable ener-
gy source. Wind turbines can either operate at fixed speed or
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variable speed. In a fixed-speed wind turbine, the generator,
normally a conventional squirrel-cage induction machine is
directly connected to the grid through a transformer [1–3].
Variable speed wind turbines are controlled by power elec-
tronic equipment, and depending on the arrangement, both
induction and synchronous machines can be employed [4–
7].
Recently, the concept of a variable-speed wind turbine
equipped with permanent magnet synchronous generators
(PMSG) has received increased attention by various wind
turbine manufacturers. The use of permanent magnets in the
rotor of the PMSG makes unnecessary to supply magne-
tizing current through the stator for constant air-gap flux;
the stator current needs to be only torque producing [8,9].
Hence for the same output, the PMSG can operate at a higher
power factor because of the absence of magnetizing current,
and will be more efficient than the induction machine used
in other types of wind turbines.
Several models that represent the dynamic behavior of
the PMSG wind turbine have been reported in the open lit-
erature. Most of them are formulated in the phase domain
[10], since in this frame the dynamics of the PMSG wind
turbine can be represented in a natural way. For instance, re-
cently in [11] a dynamic model of a PSMG wind turbine is
proposed for small capacity turbines, while in [12] the dy-
namic modeling and control of a PMSG wind turbine with
MPPT control connected to the grid is presented. However,
phase domain models have the disadvantage that the compu-
tational load involved in their solution is high, and because
of this, they are not suitable for real-time simulations [13].
To overcome this problem, models in the dq reference
frame have been developed; these models consider the most
suitable scheme of the test system according to the topology
under study and the control necessities [1,6,14]. In the case
of real-time simulations the complexity of the model and the
computational effort are two aspects to take into account in
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the modeling [4,15]. In this contribution a state-space model
in the dq reference frame was developed based on these con-
siderations, that is, the model needs to be simpler compared
with models obtained in the phase domain and preserve the
dynamic behavior of the test system. The developed model
meets these characteristics and includes the modulation sig-
nal required to control the power electronic converter, that
allows the link between the wind turbine and the grid; varia-
ble that is omitted in many works.
On the other hand, various techniques have been de-
veloped to investigate the behavior of a PMSG wind tur-
bine under different dq control conditions [16–19]. The most
widely used control technique is the linear control based on
the proportional integral derivative (PID) technique, since
it is robust, simple and easy to implement [20]. Nonlinear
control has been also used for the control of wind turbines;
the most popular technique is the sliding mode control [21].
This technique has the advantage to be robust and provides
dynamic invariant property with uncertainties, however this
technique presents the chaterring phenomenon [22]. Alter-
native control techniques based on intelligent algorithms also
have been proposed for the control of wind turbines, such as
neural networks [23,24], and fuzzy control [25]. Another
type of control reported in the literature is the predictive
control; this technique is used to represent the behavior of
complex dynamic systems using estimation models [26].
Regarding to the control strategy developed in this con-
tribution, a linear control strategy was used for the PSMG
wind turbine, because the computational effort is low, it can
be used for real-time simulations and performs well under
different scenarios.
The state-space model of a PMSG wind turbine pre-
sented in this paper includes a full-scale BTB converter for
its connection with an electric grid, for the study and obtain-
ment of a full-control strategy. The implementation of the
model was done in the C programming language, the model
was designed to be included as part of the main component
library of the graphical user interface of a Real-Time Digi-
tal Simulator (RTDS) [27]. This model can be connected to
other customized component model libraries included in the
RSCAD software. The controllers were programmed in a
digital device, using the Rapid Control Prototyping (RCP)
technique [28], with the aim to explore the system perfor-
mance in real-time [29,30].
The rest of this paper is organized as follows: Section 2
presents a description of the structure and the modeling of
the test system; Section 3 presents the PMSG wind turbine
model developed in this research; Section 4 shows control
strategies used in the converter in order to obtain the maxi-
mum power extraction of the wind turbine; Section 5 con-
tains the tuning technique used in the controllers; Section 6
describes the RTDS station used in this investigation, as well
as some considerations taken into account at the moment of
the implementation of the wind turbine model and the con-
trol strategy using the RCP technique; in Section 7 simula-
tions of the PMSG wind turbine model connected to an elec-
tric grid through a electronic converter during transient con-
ditions are presented and discussed; finally, Section 8 draws
the main conclusions of this work.
2 Structure and modeling of the test system
Fig. 1 illustrates the general structure of a PMSG wind tur-
bine connected to grid. The system consists of the following
elements [31,32]:
a) A wind turbine including a stochastic model that repre-
sents a wind sequence.
b) A standard permanent magnet synchronous machine, with
the stator windings connected to the grid through a full-
scale frequency converter.
c) A model of a grid.
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Fig. 1 PMSG wind turbine.
2.1 Wind model
This model represents the behavior of the wind as a speed
sequence, and it has the advantage of cover a full range of
characteristics of a real wind sequence. The model is com-
posed by the sum of four components [33]:
vw(t) = vavg+ vr(t)+ vg(t)+ vt(t), (1)
where vavg is the average value of the wind speed (m/s),
vr(t) is the ramp component (m/s), vg(t) is the gust com-
ponent (m/s), and vt(t) is the turbulence component of the
wind (m/s), which is defined by Eq. (2) [33].
vt(t) =
n
∑
i=1
√
Swt( fi)∆ f cos(2pi fit+φi+∆φ) (2)
Where fi is the frequency of i− th component (Hz), φi
is the phase of the same component (rad), h is the height to
the shaft level (m), l is the turbulence length (m), and z0 is
the roughness length and it depends of the landscape (m).
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Swt( fi) is the power spectrum (W/Hz), given by the Eq. (3),
established in the Danish standard[34].
Swt( fi) =
1
(ln(h/z0))2
lvavg
(1+1.5 fil
vavg
)
5
3
(3)
2.2 Aerodynamic model
There are many mathematical models that have been ob-
tained to describe the relationship between the wind speed
and the mechanical power extracted from the wind [35,36].
This paper uses the following equation to model a wind tur-
bine:
Pw =
ρ
2
ArCP(λ ,β )vw
3 (4)
where Pw is the extracted power from the wind, ρ is the air
density (kg/m3), Ar is the area covered by the wind turbine
rotor (m2), vw is the wind speed (m/s), and Cp is the power
coefficient which is a function of both tip speed ratio λ , and
blade pitch angle β (rad). To calculate Cp for the given va-
lues of β and λ the following numerical approximation has
been used [37].
CP(λ ,β ) = c1(
c2
λi
− c3β − c4)e
(−
c5
λi
)
+ c6λ (5)
λi =
[
(
1
λ +0.08β
)− (
0.035
β 3+1
)
]−1
(6)
The values of the coefficients c1-c6 are dependent of the
wind turbine design. In this research the following values
were used: c1 = 0.5176, c2 = 116, c3 = 0.4, c4 = 5, c5 = 21
and c6 = 0.0068. Fig. 2 shows curves of Cp for different
wind speed values. Each curve shows a maximum point that
corresponds to the maximum power that can be extracted
from the wind.
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Fig. 2 Wind turbine power characteristics with β = 0◦.
2.3 Torque equation
The torque equation describing the mechanical behavior of
the wind turbine can be written based on a single-mass model
given as [33,38]:
Te =
2J
P
d
dt
ωr+
2Bm
P
ωr+TL (7)
where TL is the average aerodynamic torque (N ·m), Te is
the electromagnetic torque (N ·m), J is the inertia constant
of the wind turbine and the generator (kg ·m2), ωr is the
frequency of the generator rotor (rad/s), P is the number
of poles of the machine, and Bm is a damping coefficient
associated with the rotational system of the machine and the
mechanical load (N ·m · s).
2.4 Generator model
The generator was modeled considering the following assump-
tions:
– Magnetic saturation is neglected.
– Any losses, apart from copper losses, are neglected.
– The flux distribution in the windings is considered to be
perfectly sinusoidal.
The voltage equations of a permanent magnet synchronous
generator in the dq synchronous reference frame can be ex-
pressed as [38]:
vdrs = Rsi
dr
s +Ld
d
dt
idrs +ωrLqi
qr
s +ωrλ
′r
m (8)
vqrs = Rsi
qr
s +Lq
d
dt
iqrs −ωrLd i
dr
s (9)
where v
d,q
s are the voltages (V), Rs is the resistance (Ω),
i
d,q
s are the currents (A), Ld,q are the inductances of the sta-
tor (H), and λ ′rm is the flux of the permanent magnet (Wb).
The s subscript denotes variables and parameters associated
with the stator circuit and r subscript is associated with ro-
tor variables; the dq superscript stands for variables in the
synchronous reference frame.
The electromagnetic torque Te developed by the machine
(N ·m) can be obtained from the following equation [39]:
Te =
3P
4
[
λ ′rm i
dr
s +(Lq−Ld) i
dr
s i
qr
s
]
(10)
2.5 Full-scale BTB converter model
The configuration of a PMSG wind turbine requires a full-
scale frequency converter, which enables individually con-
trol the active and reactive power and a smoother connection
to the grid [33], also contributes to a well-proven robust and
reliable performance [9].
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Fig. 3 shows a PMSG wind turbine with a two-level full-
scale BTB converter selected for the connection of the wind
turbine to the grid. This topology gives the advantage of in-
creasing the degrees of freedom in the system, where the
VSC1 controls the active and reactive power provided by the
PMSG and the VSC2 controls the regulation of the DC-link,
and the reactive power at the Point of Common Coupling
(PCC) [40,41].
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Fig. 3 BTB converter topology.
The dynamic model for the BTB converter [40] is ob-
tained in order to have a full dynamic model of the system,
and design the control strategies.
3 Full dynamic model of a PMSG wind turbine
including a BTB converter
Taking into account the Eqs. (7)-(10) and the model of the
BTB converter shown in the Fig. 3 [40], a state-space model
of the PMSG wind turbine was obtained.
Equations (11)-(16) show the state-space dynamic model
for the PMSG wind turbine including a BTB converter de-
veloped in this research. This model is helpful for the design
and analysis of different control strategies; besides, it repre-
sents the dynamic behavior of the complete system and can
be used in different type of studies.
d
dt
ωr =−
Bm
J
ωr+
3P2λ ′m
8J
id1 −
P
2J
TL (11)
d
dt
id1 = [
1
L1−Ld
][(Rs−R1)i
d
1+(L1+Lq)ωri
q
1+λ
′
mωr−
md1vcd
2UT1
] (12)
d
dt
i
q
1 = [
1
L1−Lq
][(Rs−R1)i
q
1− (L1+Ld)ωri
d
1 −
m
q
1vcd
2UT1
] (13)
d
dt
id2 =−
R2
L2
id2 +ω2i
q
2+
vd2
L2
−
md2vcd
2UT2L2
(14)
d
dt
i
q
2 =−
R2
L2
i
q
2−ω2i
d
2 +
v
q
2
L2
−
m
q
2vcd
2UT2L2
(15)
d
dt
vcd =
3
2CcdUT1
(md1 i
d
1 +m
q
1i
q
1)+
3
2CcdUT2
(md2 i
d
2 +m
q
2i
q
2) (16)
Eq. (11) represents the shaft model including the elec-
tromagnetic torque; Eq. (12) and (13) represent the VSC1;
Eq. (14) and (15) represent the VSC2; and Eq. (16) repre-
sents the dynamic of the DC-link voltage. Besides, vdi and
v
q
i are the voltages, i
d,q
i the line currents, Ri and Li are the
resistance and the inductance of the VSCi, respectively, vdc
the voltage in the DC-link, m
d,q
i is the signal of modulation
and UTi the maximum value of the triangular wave for the
Pulse-Width Modulation (PWM).
It is important to mention that this developed model is
used to obtain the control techniques for the wind system,
then these techniques were tested using the detailed models
included in RSCAD and the results show that they work well
and were obtained using a simplified model in an easier way.
4 Control strategies of the BTB converter
The design of the control strategies considers the operation
of the variable speed wind turbine within three regions, which
allow an optimal power extraction on a wide range of wind
values, with a safe and optimal operation for the system.
Fig. 4 describes three basic operating regions of a varia-
ble speed wind turbine [42], where the region A is the opera-
tion on a low wind speed profile (LWS). In this region the
value of the wind speed is below the rated value and it is
necessary to operate the wind turbine at an optimal speed,
trying to extract the maximum power from the wind (see
Fig. 2). This is achieved by keeping the tip speed ratio at
an optimal value, that is, λ = λopt , and the pitch angle at
a minimum constant value of β = β0. The region B is the
transition region between region A and C, where the sys-
tem must have a smooth operation in order to avoid sudden
mechanical vibrations that can damage the turbine. The ope-
ration of the wind turbine in a wind speed above of the rated
value or at high wind speeds (HWS) is carried out in the
region C, where the mechanical speed must not exceed the
design value of the wind turbine ωm = ωnom, and also it has
to deliver its nominal electrical power to the network; this is
achieved using the pitch angle control.
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Fig. 4 Operating regions of a variable speed wind turbine.
For the operating regions mentioned above in this re-
search the following control objectives have been selected:
– Optimal power extraction.
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– Mitigation of mechanical loads.
– Keep the power quality.
In this paper, the direct drive PMSG concept is adopted
with the utilization of fully-controlled power converters. The
BTB converter assembly consists of a generator side AC/DC
converter, a DC-link capacitor, and a grid side DC/AC con-
verter. Each of the two power converters is composed of a
two-level PWM-VSC converter.
The design of the control strategy of the PMSG wind
turbine is based on the dynamic model given by the Eqs.
(11)-(16). Fig. 5 shows the control scheme that considers
the operation of the wind turbine in the LWS and HWS re-
gions, where ωmppt is the optimal speed when the wind tur-
bine operate bellow the rated wind speed, and in the HWS
region prevails the operation of the pitch angle controller to
maintain the shaft speed at its nominal value.
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Fig. 5 Diagram of the PMSG wind turbine control [43].
4.1 Obtaining of the MPPT reference
The reference given for the maximum power point tracking
algorithm (MPPT) is obtained from a function of the maxi-
mum points of theCp curves, shown in Fig. 2, and described
by Eq.(17).
ωmppt = 0.0000321v
3
w+0.0003950v
2
w+0.2060213vw+0.076506 (17)
Appling the dq transformation in the rotating reference
frame, the active and reactive power generated by the wind
turbine are given by:
P=
3
2
(vqiq+ vd id) (18)
Q=
3
2
(vqid − vd iq) (19)
If the reference frame is such that vq = 0 and vd = |v|,
the equations for the active and reactive power are,
P=
3
2
(vd id) (20)
Q=
3
2
(vd iq) (21)
Therefore, the active and reactive powers can be con-
trolled by means of the direct and quadrature current com-
ponents, respectively.
4.2 Generator-side converter control
The Field Oriented Control (FOC) is used as the control
technique for the converter of the generator-side. The FOC
scheme proposed in this paper is shown in the Fig. 6. As this
converter is directly connected to the PMSG, a mechanical
speed reference given from a Maximum Power Point Algo-
rithm (MPP) ωmppt is needed to determine the maximum
power extraction from the wind.
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Fig. 6 Control block diagram of generator-side converter.
The active power can be controlled by means of the id
current, as described in Eq. (20). The angle θr, for the trans-
formation between abc and dq variables is calculated from
the rotor speed of the PMSG.
The Control Law for the FOC can be described by the
following equations:
md1 =
2UT1
V ∗dc
(
(Rs−R1)i
d
1 +LTdωri
q
1+ωrλ
′r
m
)
−U11 (22)
m
q
1 =
2UT1
V ∗dc
(
(Rs−R1)i
q
1−LTqωri
d
1
)
−U12 (23)
where U11 and U12 are PI controllers, and the decoupling
terms are LTdωri
q
1 and LTqωri
d
1 .
Considering the closed loop for the id current, the PI
control equation is:
U11 = Kp11(i
d
1re f − i
d
1)+
Ki11
s
(id1re f − i
d
1) (24)
and the transfer function for the closed loop is obtained by
substituting Eq. (22) into Eq. (12):
G11(s) =
id1(s)
id1re f (s)
=
V ∗cd(Kp11s+Ki11)
2UT1(L1−Ld)s2+Kp11V
∗
cd
s+Ki11V
∗
cd
(25)
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4.2.1 Speed control loop
The outer loop that sends the reference id1re f is obtained from
Eq. (11), where it is considered that Bm = 0 and TL is a per-
turbation, resulting in the control scheme shown in Fig. 7.
Ȧ*mppt PI-+ Ȧm
3P2Ȝm
8J
1
s
id1UHI
Fig. 7 Speed control.
The closed loop transfer function is:
Gω(s) =
ωm
ω∗mppt
=
3P2λ ′m(Kpωs+Kiω)
8Js2+3P2λ ′m(Kpωs+Kiω)
(26)
4.3 Load-side converter control
The control objectives for the load-side converter are to regu-
late the DC-link voltage and to control the reactive power
exchange with the network. The control strategy used in the
grid-side of the inverter is the Decoupled Current Control
(DCC). This technique allows to have an independent con-
trol of the currents in the dq synchronous reference frame.
The control law for the DCC can be described by the
following equations:
md2 =
2UT2
V ∗dc
(
L2ω2i
q
2+ v
d
2
)
+U21 (27)
m
q
2 =
2UT2
V ∗dc
(
−L2ω2i
d
2 + v
q
2
)
+U22 (28)
where U21 and U22 are PI controllers and the decoupling
terms are L2ω2i
q
2 and L2ω2i
d
2 .
Control blocks for the load-side converter with the DCC
strategy are shown in Fig. 8. The control scheme consists
in two inner control loops for the dq currents and two outer
loops that send the current reference need to meet the control
objectives.
In the same way than the FOC, the closed loop transfer
function in the inner control loop is obtained by substituting
Eq. (27) in Eq. (14).
4.3.1 DC-link control
The transfer function for the outer closed loop that sends the
id2 reference is obtained by considering the steady state ope-
ration, i.e. the Eq. (16) with d
dt
id2 = 0, a unity power factor
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Fig. 8 Control block diagram of grid-side inverter.
with Q2 = 0 and a PI controller, resulting in the following
transfer function for the DC-link control:
Gcd =
vcd(s)
V ∗cd(s)
=
vd2(Kpcd s+Kicd )
3
2
V ∗cdCcds
2+Kpcdv
d
2s+Kicdv
d
2
(29)
4.3.2 Reactive power control
The reactive power control is carried out from Eq. (21); its
loop control sends the iq reference to both converters. The
closed loop transfer function with a PI controller is given as:
GQi =
Qi(s)
Q∗i (s)
=
vdi (Kpi1s+Kii2)
( 2
3
−Kpi1v
d
i )s−Kii2v
d
1
(30)
4.4 High wind speed control
Control objectives in the HWS region are to limit the me-
chanical speed when the wind speed exceeds its nominal
value vwnom , and to send the nominal power to the grid. These
objectives are met by using a pitch angle controller that takes
into account the mechanical power limit of the wind turbine,
the nominal speed of the mechanical system, and the pitch
angle required to maintain these parameters within limits.
The control scheme for this purpose is shown in the Fig. 9,
which has two control loops, one for the nominal speed and
other for the nominal mechanical power, it also has a time
constant τ of the pitch actuator.
The transfer function for the pitch angle control is given
as:
Gβ (s) =
(Kpβ +Kpp)τs
2+(Kiβ τ +Kpβ (Kpp+1)+Kpp(Kpβ +1))s+2Kiβ Kpp+Kiβ
τ2s3+ (τ + τ (Kpβ +1))s
2+ (Kpβ +Kiβ τ +1)s+Kiβ
(31)
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Fig. 9 Control scheme for the pitch angle.
5 Tuning control loops
Since the control strategies for the BTB converter contain
cascade control loops, for tuning a inner control loop, it is
necessary to select a bandwidth below of the switching fre-
quency. For instance the criteria used on [44] is a frequency
ratio of zT =
fswi
fi
≥ 9.
5.1 Tuning cascade loops of FOC
The switching frequency for the converter at the generator-
side is selected with a modulation index m f = 81 for f1 =
24.54 Hz, resulting in fsw1 = 1,987 Hz. The inner loops
are tuned first setting the proportional gain with a value of
kp11 = 0.009 and for a bandwidth required, with the integral
gain selected as ki11 = 0.0001, where its frequency ratio is
zT = 13. On the other hand, the proportional and integral
gains for the bandwidth of the outer speed loop are selected
by using a second order system:
s2+2ζ ωns+ω
2
n (32)
and considering ωn = 2.57 rad/s and ζ = 0.59 for an per-
centage overshoot PO= 10 %, the result is:
Kpω =
16Jζ ωn
3P2λ ′m
= 4.66 (33)
Kiω =
8Jω2n
3P2λ ′m
= 10.139 (34)
The closed loop frequency response is shown in the bode
diagram of the Fig. 10 with zT = 63.
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Fig. 10 Frequency response of cascade loops in the FOC.
5.2 Tuning cascade loops of DCC
The cascade loops of DCC are tuned in the same way that
the FOC, with f2 = 60 Hz and fsw2 = 4,860 Hz, resulting
in the following gains for the inner loops and the DC-link,
respectively: kp21 = 0.0018 and Ki21 = 0.0003; Kpcd = 2.0
and Kicd = 9.0. The frequency response is shown in Fig. 11.
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Fig. 11 Frequency response of the cascade loops of the DC-link and
the inner current loop.
5.2.1 Tuning the reactive power loop
The reactive power loop considers tuning the PI controller
with the grid frequency, and the bandwidth with a value of a
decade away from the previous inner loop; this is achieved
with the following expression:
KiQ =
ωc
3vd2
√√√√10− 310 (−3KpQvd2 +2)2− (3KpQvd2)2
1−10−
3
10
(35)
Consideringωc= 377 rad/s,KpQ = 0.0001, and the nega-
tive sign for the Routh-Hurwitz criteria resulting in KiQ =
−0.4059, the frequency response for the reactive power loop
of the DCC is shown in Fig. 12.
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Fig. 12 Frequency response of the reactive power loop.
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5.3 Tuning the pitch angle control loop
This loop takes into count an arbitrary time constant of the
actuator of the blades τ = 2.5 s. By using the principle of su-
perposition, the upper loop is tuned in a decade below from
the speed loop with Kpβ = 5.0 and Kiβ = 0.003, then the
lower loop sets the gain of the closed loop to an unit gain
with the proportional gain of the controller of Kpp = 0.2,
resulting in the frequency shown in Fig. 13.
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Fig. 13 Frequency response of the pitch control loop.
5.4 HWS operation
The proposed tuning of controllers in the LWS region may
have an oscillatory response when the wind turbine operates
in the HWS region. To overcome this possible problem, the
proportional gains of the inner loops in the FOC are set to
Kp11h = Kp12h = 0.0045. The frequency response for these
gains are shown in the bode diagram of Fig. 14.
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Fig. 14 Frequency response inner loops of FOC in HWS region.
Fig. 15 shows the switching scheme for the proportional
gains of the inner loops of the FOC in both regions.
6 Real-time implementation
The Real Time Digital Simulator (RTDS) is a combination
of specialized computer hardware and software designed spe-
cifically for the solution of power system electromagnetic
transients. This solution is carried-out in real-time, that is,
the RTDS station can solve power system equations fast
LG
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Fig. 15 Gains in the LWS and the HWS regions.
enough to continuously produce output conditions that rea-
listically represent operation conditions in real power sys-
tems [45].
The RTDS is based on Digital Signal Processor (DSP)
and Reduced Instruction Set Computer (RISC) hardware.
It uses advanced parallel processing techniques in order to
achieve the computation speeds required to maintain conti-
nuous real-time operation [45].
The RTDS also includes a graphical user interface (GUI)
with the RTDS hardware called RSCAD. This software is
comprised of several modules designed to allow the user to
perform all of the necessary steps to construct, run and ana-
lyze simulations cases.
The overall network solution technique used in the RTDS
is based on nodal analysis. The underlying solution algo-
rithms are those introduced in [46], which are based on the
use of the trapezoidal rule of integration. This solution al-
gorithm is used in virtually all digital simulation programs
designed for the study of electromagnetic transients. It is im-
portant to mention that for power system simulations, the
time-step used is typically on the order of 10 to 50 µs.
Fig. 16 illustrates a RTDS station, and the RSCAD main
window included as GUI of the real-time digital simula-
tor, which runs in any personal computer. It also shows the
Rapid Control Prototyping (RCP) scheme [28], where the
control strategy for the wind system is implemented through
an Arduino due card.
6.1 Control implementation
The implementation of controllers was carried-out in an Ar-
duino due card through the RCP technique. This develop-
ment card was selected due to its capability to control the
wind system contained in the RTDS platform, where the sys-
tem is being simulated with a time step of 50 µs and the
control algorithm is executed in the card with a time step of
20 µs, that is, the Arduino due card is fast enough to host
the control algorithms for the test system and can be con-
nected to the RTDS through the GTAI and GTAO cards of
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Arduino Due
PMSG :7LQ RSCAD
 RTDS-PC
LQWHUIDFH
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Fig. 16 Real-time implementation setup using RTDS.
the RTDS. The FOC control presented in Section 4.2 was
implemented using only one Arduino due card, and the full
control strategies were implemented using three Arduino due
cards.
In order to implement the law control in a digital plat-
form, difference-equations need to be obtained taking into
account the following considerations:
a) The time step considered for mapping the law of control
at the Z domain is Ts = 20 µs, where the Z-transform is
[47]:
Z{G(s)}= G(z) (36)
b) A typical form of a PI controller in the Z domain is given
by:
G(z) =
y(z)
x(z)
=
Kpzz−Kiz
z−1
(37)
c) When the discrete controller is obtained in the form of
Eq. (37), it is transformed into a difference-equation and
then the inverse Z-transform is applied,
Z−1{
y(z)
x(z)
}= Z−1{
Kpzz−Kiz
z−1
} (38)
d) The difference-equation becomes:
y[k] = y[k−1]+Kpzx[k]−Kizx[k−1] (39)
and this equation is programmed in the digital platform.
6.2 PMSG model implementation
The PMSG model (Eqs. (7)-(10)) was implemented as a
Power system component in the RSCAD software, where
it is necessary to take the following considerations:
a) The trapezoidal rule of integration needs to be applied
to the equations that describe the behavior of the PMSG
wind turbine model. The Eq. (40) has the form neces-
sary in the RTDS solution when the trapezoidal rule of
integration is applied to the set of equations,
i(t) = Gvalv(t)+ i(t−∆ t) (40)
where ∆ t is the time-step.
b) The inputs, outputs and current injections of the model to
the system need to be defined according to the CBUILDER
rules.
c) Since the code programmed in the C language is exe-
cuted in real-time in the RTDS, it is important to write
this code as efficiently as possible. For example, avoid
divisions if possible, rather than dividing by a constant,
compute the inverse of the constant and then multiply by
its inverse, since a multiplication is more efficient than a
division, etc.
The PMSG wind turbine model developed and imple-
mented in the RTDS is capable of running in real-time, that
is, the model runs in less than 50 µs on each simulation time-
step, and it has been successfully connected to other models
included in the RSCAD software; the model has the capa-
bility of configure their outputs directly in both abc or dq
reference frames, and there are not needed transformation
blocks between these two reference frames that make larger
the operations on a time-step.
7 Case studies
The power system of Fig. 17 is used for the real-time analy-
sis of the PMGS wind turbine under transient operating con-
ditions. This figure also shows the RSCAD representation
of the test system. The PMGS wind turbine is connected
to a power system through a frequency converter. To this
purpose, the detailed model contained in RSCAD of a BTB
converter is used. The power system consists of one ∆ −Y
transformer and a double transmission line connected to the
power system.
The control system of the PMSG was implemented in
an Arduino card through the GTAI and GTAO cards of the
RTDS platform with the RCP technique; the PMSG wind
turbine and power system are implemented in software and
the control strategy is implemented in hardware in order to
evaluate its practical performance; its parameters are listed
in Appendix A.
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Fig. 17 RSCAD representation of the test system.
7.1 Performance of the controllers with turbulence in the
wind
The performance of the controllers can be affected accor-
ding to the current wind profile. This case study considers
a roughness length of z0 = 0.01 m in the wind sequence,
which is obtained through simulation with the method pre-
sented in the Section 2.1. A 2 MW wind turbine was used.
Fig. 18 shows the operating conditions of the test sys-
tem in presence of the wind profile with turbulence and the
electric variables measured at the PCC. The system must be
capable of maintaining the power transmission at different
values of the wind.
ȕ
BTB converter
PMSG
3׋¨-Y
CA
CA
double-circuit 
transmission line
Wind sequence 
with turbulence
PCC
2 MW
0.69 kV L-L 0.69 kV/230 kV
Vdc=1200 V
fsw1=1988 Hz
fsw2=4860 Hz
Tmnom=787 kN-m
Wind turbine
Vwnom=11.5 m/s
Fig. 18 PMSG wind turbine operation with turbulence in the wind se-
quence.
Fig. 19 a) shows the wind profile considered for the wind
turbine operation. The Fig. 19 b) illustrates the tracking of
the mechanical speed to the reference speed given by the
MPPT algorithm; it has a good performance in all operating
regions. Also in the Fig. 19 c) it can be observed that the
pitch angle control works in the HWS region in order to help
in the control of the mechanical speed at speeds above to the
nominal of the wind turbine.
Fig. 20 shows the electrical power supplied to the grid.
In Fig. 20 a), it can be seen the active power in the PCC;
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Fig. 19 Performance of the control strategy with turbulence.
while in the Fig. 20 b) the reactive power has a low value
to meet a unit power factor; and in Fig. 20 c) is shown the
voltage regulation at the DC-link.
The mechanical system must be protected of an excessi-
ve dynamic load, this is achieved by keeping the torque with
smooth changes in the switching between operating regions.
The results obtained with the proposed control system are
shown in Fig. 21, where the torque variations are due to
the variable power extracted from the wind, but it does not
present large overshoots.
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Fig. 20 Output power and DC-link voltage regulation with turbulence.
The results obtained illustrate that the system can send
power in different regions of operation according to the chan-
ges of wind sequence. The electrical and mechanical varia-
bles can be kept within the desired values, that is, a constant
value at the DC-link, a value of Ppcc according to the wind,
Qpcc kept at a low value for a unit power factor and a smooth
torque variation.
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Fig. 21 Mechanic torque obtained in all wind operating regions.
7.2 Load variations
In this case study, when the wind system is sending 2 MW
of nominal power to the power system, an external load with
a value of 1 MW is connected in the test system at 6 seconds
of the simulation time. That is a 50% of the nominal value of
the wind turbine; it is removed 15 seconds later. This causes
that the power system receives only 1 MW of the 2 MW
generated by the wind turbine while the load is connected.
Fig. 22 shows the scheme used in this case study, where the
switch S1 allows the insertion and removal of the load.
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Fig. 22 External load connected to the test system.
Fig. 23 illustrates the behavior of the electrical variables
when the load is connected. This simulation was carried-out
considering a constant wind speed value of vw = 11.5 m/s
(see Fig. 23 a)). It can be observed from Fig. 23 b) that the
power delivered to the grid is reduced in 50 %. Fig. 23 c)
shows that the control system helps to maintain the DC-link
voltage in a constant value of 1200 V, and it is not affected
by the load change. The Fig. 23 d) shows that the electrical
power sent by the wind turbine at the PCC is not affected
when this load change occurs.
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Fig. 23 Behavior of the electrical variables during a change of the load.
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The obtained results for this case study show that the
system is capable of return to its steady state after that a
load change has been applied.
7.3 Solid three-phase to ground fault
This case study tests the LowVoltage Ride-Through (LVRT)
capability, which is a requirement for a wind turbine to re-
main connected to the system without tripping when a short-
duration fault occurs in the power system [48,49]. Voltage
disturbances occur up to specified time periods associated
with voltage levels, as described by the grid codes [50] (see
Fig. 24). The line of each code indicates that the systemmust
remain in operation if the voltage stays in the zone above the
line of the code, according to the time established.
Fig. 24 LVRT requirements for different grid codes [50].
A three-phase fault is applied at the middle of the second
transmission system (see Fig. 25), after 6 seconds of simu-
lation time, when the system is already operating in steady
state; the fault is maintained for 0.16 seconds and then re-
moved. The voltages and currents at load terminals in the
system are presented and analyzed. A solid three-phase fault
is applied, as it involves considerable mechanical and elec-
trical stresses.
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Fig. 25 LVRT capability test system.
In Fig. 26 the behavior of voltages and currents in the
presence of the fault is shown. The fault is applied at the
middle of the second transmission system at 50 km. After
the fault is applied, these currents reach an amplitude of 3.5
p.u., when the fault is removed they return to their pre-fault
state.
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Fig. 26 Behavior of the three-phase voltages and currents in the PCC.
Fig. 27 shows the power exchange at the inverter ter-
minals during the disturbance condition; the PMSG must
supply the necessary reactive power to maintain the voltage
level at the PCC. This is achieved with the control scheme
of the Fig. 28, in which is added a loop of control with a vpcc
reference.
Fig. 29 shows the behavior of the torque and the me-
chanical speed. It can be observed that they can go back to
their nominal values once the three-phase fault has been re-
moved.
This test shows the LVRT capability of the system when
a short-duration fault occurs. Also, it is possible to observe
that once the fault is removed the control strategy is capable
to help the system to return to its steady state, and to meet
the requirements of reactive power for maintain the voltage
levels at the PCC, and continue operating with a constant
value at the DC-link.
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Fig. 27 Behavior of the power exchange in the PCC.
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Fig. 28 Change of the reference for iq current when a fault to ground
occurs.
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8 Conclusions
In this contribution a full model of a PMSG wind turbine in-
cluding a BTB converter in the dq reference frame has been
proposed and discussed in detail. This model was used for
the development of linear control strategies for the wind sys-
tem. The designed control strategies consider the operation
of the variable speed wind turbine within three operating re-
gions, and allow an optimal power extraction from the wind
on a wide range of values, with a safe and optimal operation
for the power system.
The control strategies have been implemented in Arduino
due cards in order to test their behavior under transient con-
ditions. Considerations about their implementation were also
presented. By using the developed model and the imple-
mented control strategies, real-time simulations were carried-
out.
Three case studies have been presented. The first case
shows that the control strategies for the converters can main-
tain its operation in wide regions of wind, and make possible
to extract the optimal power for each wind condition. The
second case study evaluates the performance of the wind
system when a change of load occurs. It can be observed
that the system can go back to its pre-disturbance steady
state. Finally, the last case study has shown that the system
can keep constant voltage at the PCC when a three-phase
fault was applied at the middle of the second transmission
system; this according to the grid codes.
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Appendix A: Parameters of the test system
The parameters of the test system used in this research are:
Table 1 Parameters of the wind turbine.
Wind sequence parameter Value
Shaft height of the wind turbine h 80 m
Rated wind speed vωn 11.5 m/s
cut-in wind speed vmin 5 m/s
cut-out wind speed vmax 25 m/s
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Table 2 PMSG parameters.
Parameters Value Units
Nominal power Pnom 2 MW
Stator resistance Rs 0.008 Ω
Leakage inductances in dq-frame Ld,q 0.0003 H
Leakage inductance Lls 0.00002727 H
Permanent magnet flux λ ′rm 3.86 wb
Number of poles P 120
Mechanical speed ωm 2.5 rad/s
Inertia constant J 8000 kg ·m2
Viscosity coefficient Bm 0.00001349 N ·m · s
Table 3 BTB converter and grid parameters.
Parameters Value Units
Line resistance R1,2 0.009 Ω
Line inductance of the generator side L1 0.0003 H
Line inductance of the grid side L2 0.000125 H
CD-link voltage vdc 1200 V
RMS voltage of the line v1,2 690 V
Inductance of the grid Ln 0.000175 H
Switching frequency at ωrnom , fsw1 1988 Hz
switching frequency fsw2 4860 Hz
Frequency index modulation m f1 81
Frequency index modulation m f2 81
Table 4 Transmission line parameters.
Parameters Value Units
Number of phases 3
Positive sequence series resistance 0.0996228 Ω/km
Positive sequence series inductive reactance 0.514432 Ω/km
Positive sequence shunt capacitive reactance 0.315 MΩ/km
Zero sequence series resistance 0.3618376 Ω/km
Zero sequence series inductive reactance 1.227747 Ω/km
Zero sequence shunt capacitive reactance 0.34514 Ω/km
Length of the line 100 km
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